layer during dipping, known to be essential for achieving a high quality, adherent zinc alloy coating.
It has been reported in several studies that reactive wetting can take place in the galvanizing bath despite the presence of Mn and Si containing oxides on the steel surface. [10] [11] [12] [13] [14] [15] [16] The formation of the desired Fe 2 Al 5 Zn X interfacial layer and complete reactive wetting in these studies has been explained by differences in surface oxide chemistry, thickness and morphology. Furthermore, it has been established that MnO can decompose during immersion in the zinc bath through in-situ aluminothermic reduction. 6, 15, 17) In other cases, reactive wetting of surfaces comprising widely spaced oxide nodules has been reported. 13, 14, 18) It has also been reported that infiltration and lift-off of the oxides by the bath alloy through cracks at the oxide/substrate interface can aid in the reactive wetting process. 13, 14, 19) Thus, the objective of the present study is to quantify the effects of surface oxide morphology, distribution and chemistry on the reactive wetting of a prototype Fe-0.1C-6Mn-2Si prototype third generation advanced high strength steel (3G-AHSS) during continuous austenitic and intercritical annealing followed by hot-dip galvanizing.
Experimental Procedures
The chemical composition of the medium-Mn steel is given in Table 1 . All substrates were received in the cold rolled condition with a thickness of 1.2 mm. All experiments were carried out in the McMaster Galvanizing Simulator (MGS, Iwatani-Surtec), full details of which are provided elsewhere. 20) Two types of samples were cut from the asreceived substrates. Selective oxidation samples comprised of 10 mm × 50 mm coupons such that the rolling direction was parallel to the longitudinal axis of the sample. In the case of the selective oxidation samples only, the sample surfaces were polished with 4 000 grit SiC paper prior to annealing in order to minimize the effects of surface roughness on the subsequent surface analyses. Reactive wetting samples comprised of 120 mm × 200 mm panels with the longitudinal axis perpendicular to the rolling direction. Prior to dipping, these larger panels were degreased in a 353 K (80°C) 2 vol% NaOH solution, rinsed in an stagnant DI water bath followed by a second rinsing step with running DI water, cleaned with isopropanol in an ultrasonic bath and were finally dried with warm air. All samples were cleaned with acetone wipes immediately prior to being loaded in the MGS.
Austenitic and intercritical annealing heat treatments were carried out at 1 073 K (800°C) and 963 K (690°C), respectively, in a 243 K ( − 30°C) dew point N 2 -5 vol% H 2 process atmosphere. It should be noted that the 963 K intercritical annealing temperature was chosen to yield equal fractions of intercritical austenite and ferrite. A summary of the corresponding values of process atmosphere oxygen partial pressure (pO 2 ) at each peak annealing temperature (PAT) along with the pH 2 O/pH 2 ratio are provided in Table  2 . All of the values listed in Table 2 were derived from the thermodynamic database of Fine and Geiger. 21) A schematic of the thermal cycle used for the selective oxidation and reactive wetting tests is shown in Fig. 1 . The thermal cycle for the selective oxidation tests comprised heating at 15 K/s to 773 K (500°C), heating at 5 K/s to the PAT, followed by an isothermal hold at the PAT for 120 s and 600 s followed by cooling to 343 K (70°C) at a rate of − 10 K/s using N 2 gas quenching. The reactive wetting of the steel substrates by the zinc bath was also explored, where the 120 mm × 200 mm steel panels heat treated at the PAT for 120 s were cooled to the zinc bath temperature of 733 K (460°C) at − 10 K/s, held at 733 K for 10 s to achieve thermal homogeneity through the substrate thickness, followed by a 4 s immersion in the galvanizing bath and a final cool to 343 K at − 10 K/s via N 2 gas quenching. The simulated galvanizing bath comprised a 50 kg melt containing 0.20 wt% dissolved Al and was Fe saturated. 22) In all cases, the sample thermal cycle was controlled via a 0.5 mm type K thermocouple welded directly to the samples. All selective oxidation tests were carried out in triplicate to ensure repeatability of the experimental results, whereas the reactive wetting experiments were run in duplicate due to limited availability of the experimental substrates. Selective oxidation samples were stored in 99.9% purity anhydrous grade isopropanol immediately after removal from the MGS in order to minimize additional oxidation prior to analysis. The galvanized panels were wrapped and stored separately such that the zinc surface was protected from scratches. All material for reactive wetting analysis were cut from the 80 mm × 80 mm uniform temperature and coating area centered 50 mm from the bottom edge of the panel.
Surface oxide distribution and morphology was studied using a JEOL 7000F field emission gun scanning electron microscope (FEG-SEM) operated in secondary electron imaging mode with an acceleration voltage of 5 keV. SEM analysis was also performed on the galvanized samples to study the interfacial reaction products. The interfacial layer was exposed by stripping the zinc overlay by two methods: (i) fuming nitric acid (HNO 3 ) and (ii) 10 vol% H 2 SO 4 in water. The latter technique left both the Fe-Zn and Fe-Al intermetallics intact whereas stripping with HNO 3 dissolved everything except the Fe 2 Al 5 Zn X layer. The surfaces of all SEM samples were coated with C to avoid charging of the specimen during SEM analysis.
X-ray photoelectron spectroscopy (XPS) of the selective oxidation samples prior to galvanizing was performed using a PHI Quantera SXM (Scanning XPS Microprobe) using an Al Kα X-ray source (1 486.7 eV). The spot size was 100 μm, the take-off angle was 45°, the pass energy was 140 eV and step size 0.25 eV for all analyses. Elemental depth profiles of the steel surface were obtained by Ar ion sputtering a 2 mm × 2 mm area. All data processing was performed using MultiPak 6.0 software. The obtained binding energies are accurate to ± 0.1 eV and all spectra were calibrated using the metallic iron binding energy of 706.62 eV. Depth measurements are considered to be accurate within ± 10% of the sputtered depth. Due to the relatively low spatial resolution across the sample surfaces available from XPS, direct measurement of the thickness of any external or internal oxide layers as a function of annealing time and PAT was performed using two 10 μm wide trench cuts made through Focussed Ion Beam (FIB) milling using a NVision 40 by Zeiss. W and C coatings were deposited prior to FIB milling in order to protect the surface oxides from damage during Ga-ion milling. It should be noted that the thickness measurements were taken using a grid system at a minimum of 100 locations over the overall 20 μm trench length to ensure representative sampling and increase confidence in the average values of the oxidation zone thicknesses obtained. In the below text, mean oxide thicknesses are reported along with the 95% confidence interval of the mean.
High resolution scanning transmission electron microscopy (HR-STEM) on cross-sections of the selective oxidation samples as a function of PAT and annealing time was performed using a FEI Titan 80-300HB TEM operated at 300 keV, where FIB milling was used to prepare the TEM cross-sections. W and C coatings were deposited prior to FIB milling in order to protect the surface oxides from damage during milling. In order to study any wetting reactions at the steel/coating interface and any morphological changes thereon, TEM lift-outs were also taken from as-coated sample cross-sections using FIB milling. Quantitative electron energy loss spectroscopy (EELS) chemical analysis was used during HR-STEM examination of the selective oxidation and galvanized samples using a Gatan Quantum GIF where Digital Micrograph 2.3 software was used to extract elemental maps from the EELS data cubes.
Results
Secondary electron images obtained from sample surfaces annealed for 120 s and 600 s at the 963 K and 1 073 K PAT are shown in Fig. 2 . Coarsening of the surface oxides as a result of extended annealing can clearly be seen from these micrographs (i.e. Figs. 2(a) vs 2(b) and Figs. 2(c) vs 2(d)). This effect was more pronounced for the samples annealed at the 1 073 K PAT due to the faster diffusion rates of both oxygen and the alloying elements at the elevated temperature (Figs. 2(c) and 2(d)). It is worth noting that, after annealing at 1 073 K, the surface of the steel was almost fully covered with a thick, compact external oxide layer for the shorter 120 s hold. In contrast, samples annealed at 963 K for 120 s displayed significant area fractions where thin or no apparent surface oxides could be observed (Figs. 2(a) vs  2(c) ). Furthermore, the oxides present after the 963 K treatments had a dispersed nodular morphology in contrast to the compact nodular films formed during the 1 073 K austenitic anneal. The former surface structure is known to be more amenable to reactive wetting, 8, 18, 19) whereas the latter has been shown previously to be detrimental to the promotion of reactive wetting.
6,7)
Mn and Si XPS elemental depth profiles of the oxidized samples are presented in Figs. 3(a) and 3(b), respectively, as a function of PAT and annealing time. Figure 3 (a) shows a considerable surface enrichment of Mn during the annealing heat treatments prior to galvanizing, while only a very thin Si-enriched layer was detected at the surface ( Fig. 3(b) ). As can be seen from Fig. 3(a) , the thickness of the 1 073 K × 600 s Mn-rich surface oxide was significantly greater than the other three experimental conditions, in accordance with the SEM observations of Fig. 2 and the expected time-temperature trends. The effect of peak annealing temperature on the Mn depth profiles for the 120 s annealing time samples does not seem to have been significant based on the XPS results. However, it can be seen that the 600 s annealing time resulted in a thicker surface Mn oxide for both annealing temperatures. Furthermore, significant Mn enrichment in the subsurface of the 600 s samples at both PATs can be identified from the depth profiles, characterised by Mn contents being greater than the bulk concentration ( Fig.  3(a) ) to extended depths into the sample. Binding energies were also measured from 5 nm below the steel surface for the O1s, Mn2p 3/2 and Mn2p 1/2 peaks and these correlated with those reported in the literature for MnO, with values of 530.3 eV, 641.4 eV and 654.1 eV, respectively. 23, 24) It should be pointed out that the very low signal-to-noise ratio of Si2p peaks did not allow for accurate measurement of the binding energies.
Cross-sectional secondary electron FIB (SE-FIB) images of the samples annealed for 120 s at 963 K and 1 073 K are shown in Figs. 4(a) and 4(b), respectively, to detail the thicknesses and morphology of the oxidation zones present in the as-annealed samples prior to immersion in the simulated galvanizing bath. From Fig. 4 , it can be seen that both external and internal oxidation zones were present, where zone I is the bulk internal oxidation zone, zone II is the grain boundary internal oxidation zone and the external oxidation zone is demarcated using the annotated arrows. It is apparent from Fig. 4 that the external oxide layer formed for the 1 073 K × 120 s sample was significantly thicker than that formed at 963 K. Using the measurement technique specified above, it was determined that the average external MnO thickness was 44 ± 2 nm and 121 ± 8 nm for the 963 K × 120 s and 1 073 K × 120 s samples, respectively. In the case of the samples annealed for 600 s, it was determined that the external MnO thickness was 105 ± 3 nm for the 963 K PAT and 296 ± 11 nm for the 1 073 K PAT samples. The internal oxide network observed for the 1 073 K × 120 s sample penetrated significantly deeper below the surface in comparison with that of the 963 K × 120 s sample, reaching a depth of 2 μm for the 1 073 K sample versus approximately 0.4 μm for the 963 K sample. As stated above, the internal oxidation network was demarcated into two zones based on the morphology of the oxides observed. Zone I comprised fine, spherical oxides formed immediately in the subsurface both in the bulk grains and on their grain boundaries, while, beneath this region, zone II was associated with a continuous grain boundary oxide network. It should be noted that this difference in external oxide thicknesses for the 120 s samples was not readily apparent from the XPS analysis in Fig. 3(a) , given the much lower surface spatial resolution of this technique (i.e. 100 μm spot size in the XPS versus 0.8 nm in the FIB) and also the fact that the presence of internal oxides, as confirmed by Fig. 4 , affected the width of the XPS profiles and, therefore, did not allow for an accurate estimation of the external oxide layer thickness.
Electron energy loss spectroscopy (EELS) was used in combination with TEM to identify the fine scale microstructure and chemistry of the external and internal oxides present in the as-annealed samples. This data is presented in Figs. 5 through 7 and are representative of all of the annealing conditions studied. Figure 5 shows the Fe, O, Mn and Si EELS elemental maps acquired from an area representative of the external oxide layer along with the zone I internal oxides from the 963 K × 120 s sample. The elemental maps revealed that the surface oxide layer was composed largely of Mn and O, where no significant Si signal was detected. However, the internal oxides showed significant Mn and Si enrichments. This analysis was true for both of the fine circular oxides and the grain boundary oxides. It should be pointed out that the nodular morphology of the external oxides can be clearly identified from the STEM image in this figure.
Similarly, EELS elemental maps were acquired from the grain boundary oxide network that was formed in zone II of the samples, per Fig. 4 . Figure 6 shows a grain boundary oxide combined with a nearby bulk oxide formed in zone II of a 1 073 K × 600 s sample. The STEM image shows areas with varying contrast within the oxide. From the elemental maps, it can be seen that both the grain boundary and bulk oxides comprised a multi-layer configuration, where Si was enriched at the oxide core while both Mn and Si were present in the outer shell, surrounding the Si-rich core.
To quantitatively determine the chemistry of the oxide species present in all of the zones demarcated in Fig. 4 , the O, Si and Mn edges of the high-resolution EELS spectra were analysed. Figure 7 presents the O-K, Mn-L 2,3 and Si-K edge EELS spectra acquired from the external and internal oxides observed in the 1 073 K × 600 s sample. A comparison of the fine structures observed in the EELS spectra with those available from the literature allowed for an accurate identification of the oxide compositions. [25] [26] [27] From these spectra, the external oxide was identified as MnO, the outer shell of the grain boundary and bulk internal oxides as MnSiO 3 and the oxide cores as SiO 2 . These findings were consistent for all annealing conditions explored. It should be noted that the EELS spectrum for the external oxide layer correlated well with the XPS binding energy results, confirming that MnO was the external oxide species for all samples.
Figures 8(a) and 8(b) show macroscopic views of the uniform temperature and coating area of the as-galvanized steel surfaces for the samples annealed at 963 K and 1 073 K, respectively, under the N 2 -5H 2 (vol%) 243 K dew point process atmosphere. Significant differences were observed in the degree of reactive wetting as a function of the PAT. As can be seen in Fig. 8(a) , despite the presence of some minor coating defects, the 963 K × 120 s substrate surface was completely coated with the zinc alloy, while, in contrast to this, no evidence of reactive wetting was observed for the 1 073 K × 120 s steel (Fig. 8(b) ). Since no integral Zn coating was obtained for the 1 073 K × 120 s samples, the as-dipped surface was observed under SEM in order to determine the fine-scale surface morphology of this sample post-immersion. In the case of the 963 K × 120 s sample, however, the zinc overlay was stripped using two acid solutions: 10 vol% H 2 SO 4 (in water) and fuming HNO 3 . No evidence of Fe-Zn intermetallics were observed at the interface after removal of the zinc overlay with the sulfuric acid solution. However, removal of the Zn overlay of the 963 K × 120 s sample using fuming nitric acid revealed the presence of reactive wetting products at the Fe-Zn interface, as shown in Fig. 8(c) . In contrast, as can be seen in Fig. 8(d) , a significant amount of oxides were present on the surface of the 1 073 K × 120 s steel after immersion along with some isolated solidified metallic nodules. However, it should be noted that this surface oxide layer was significantly different from that observed prior to immersion, as shown in Fig.  2(c) , indicating that some interaction between the external oxide and zinc alloy bath had occurred.
Given the fine scale of the features present at the FeZn interface of the post-immersion 963 K × 120 s and 1 073 K × 120 s samples pictured in Figs. 8(c) and 8(d) and in order to determine the underlying mechanisms responsible for the observed differences in reactive wetting behavior of the two substrates, TEM cross-sections were made across the coating/steel interface of the samples by FIB milling. The results of this analysis are shown in Figs. 9 and 10. Figure 9 shows the SE-FIB image of the coating/ steel interface of the 963 K × 120 s steel along with the corresponding TEM + EELS elemental maps. Although no significant change in thickness of the pre-immersion and post-immersion external oxides was found; the post-immersion surface oxide film exhibited a broken-up appearance at some sites. It is interesting to further note that, aside from the surface and subsurface oxides, the interface of the galvanized steel exhibited some nodule-like features, marked by arrows in Fig. 9(a) , which did not exist at the oxide/metal interface of this sample prior to immersion (Figs. 4(a) and  5) . It also appears that these nodules separated the original external oxide/steel interface such that the surface oxides are at the outer side of them.
Figures 9(b) and 9(c) show a higher magnification image of an interfacial nodule along with the corresponding elemental EELS overlays; the colours assigned to each element in the map can be seen in the legend to the right. Quantitative spot analyses were conducted at several points in this fine-scale cross-section and are labeled A through E in Fig.  9(c) , where the results of these analyses are documented in Table 3 . It was found that the nodules pictured in Fig.  9(a) , in fact, correspond to reaction sites with a relatively complex morphology arising from the infiltration of the zinc alloy through the surface oxides and into the underlying steel substrate, which explains the delaminated appearance of the original oxide/steel interface pictured in Fig. 9(a) . It is also noteworthy that while Mn and O were present in the oxides within both the bulk steel and those embedded in the infiltrated reaction sites, the surface scale was detected to be an oxygen depleted MnO as the colour overlay map of these areas appeared yellow rather than orange. This finding is further confirmed by the chemical analysis of point A (Fig.  9(c) ) in Table 3 . It was also observed that in the vicinity of these areas, a strong Al signal was observed, corresponding to the Fe-Al interfacial layer (point B, Table 3 ). Table 3 lists the chemical compositions that were extracted from the labeled features of Fig. 9 (c), which shows that the oxides in point C were likely Mn-silicates and that points D and E correspond to an Fe and Al-enriched Zn alloy. In this case, the higher Fe and Al contents of this phase likely stem from background signals from surrounding Fe-Al intermetallics and the substrate itself.
The results of TEM + EELS analysis of the 1 073 K × 120 s sample are presented in Fig. 10 . The cross-sectional SE-FIB image in Fig. 10(a) captures an uncoated area with a solidified zinc droplet on the surface of the sample. The high magnification STEM image and EELS overlay map shown in Figs. 10(b) and 10(c) were acquired from the edge of the droplet in Fig. 10(a) . It can be seen that underneath the zinc droplet, a relatively thick, continuous external Mn oxide layer remained at this interface as these oxides appear orange rather than yellow, as would be the case for reduced Mn-oxides. Furthermore, inspection of the EELS spectra of these oxides determined that they were comprised of MnO.
A detailed discussion of these findings is provided in the following section.
Discussion
As shown in the SEM images from the as-annealed steel surfaces (Fig. 2) , significant external oxide coverage was observed for all combinations of annealing temperature and time, where the oxides coarsened with increasing holding time at both annealing temperatures. The measured XPS binding energies corresponded with those of MnO. 23, 24) This analysis was in agreement with the EELS spectra (Fig. 7) of the surface oxides, allowing for the conclusion that the external oxide species was MnO for all annealing conditions explored. From the SEM images, it can also be seen that the 600 s annealing time samples (Figs. 2(b) and 2(d) ) had almost complete external MnO coverage. However, further examination of Fig. 2 will show that the 963 K × 120 s surface (Fig. 2(b) ) comprised a more widely spaced, nodular morphology with thinner oxides in between versus its 1 073 K × 120 s counterpart. Furthermore, it can also be observed that the 963 K oxides (Figs. 2(a) and 2(b) ) were significantly finer than their 1 073 K PAT equivalents.
Cross-sectional SE-FIB images (Fig. 4) along with TEM + EELS elemental analysis (Figs. 5 and 6) provided a more detailed understanding of both the external and internal oxide chemistries and morphologies. The depth of internal oxidation was observed to be significantly higher for the 1 073 K × 120 s sample (approximately 2 μm) versus the 963 K × 120 s sample (approximately 0.4 μm). It was also determined that the external MnO layer for the 1 073 K × 120 s sample had almost triple the thickness of that of 963 K × 120 s sample, with an average thickness of 121 nm versus 44 nm. This thicker external oxide layer observed for the samples annealed at 1 073 K was expected considering the exponentially higher diffusivities of both oxygen and the alloying elements at the higher temperature in combination with a process atmosphere oxygen partial pressure that was three orders of magnitude higher at 1 073 K ( Table 2 ). The latter also explains the increased depth of internal oxidation of the 1 073 K × 600 s sample. It should be mentioned that the average thickness of the external MnO layer for the 1 073 K × 600 s and 963 K × 600 s samples, were determined to be 296 nm and 105 nm, respectively, having a similar thickness ratio to the 120 s samples.
EELS studies also provided insight into the chemical nature and microstructural characteristics of the internal oxides. As can be seen from the elemental maps in Figs. 5 and 6 and the EELS analysis in Fig. 7 , the bulk internal and grain boundary oxides formed in zones I and II (Fig. 4) comprised a core-shell structure, where the outer shell was identified as MnSiO 3 and the inner core as SiO 2 . It should be noted that the SiO 2 core was thicker and the MnSiO 3 outer shell thinner with increasing depth into the sample, indicating that the MnSiO 3 outer shell grew by consuming the SiO 2 core, which formed first and at greater depths into the substrate. These findings were consistent for all annealing conditions studied.
The variation of oxide chemistries from surface to subsurface of the steel can be explained by the oxygen available at each region of the sample, the relative thermodynamic stability and solubility of the oxides and the relative diffusivities of the species. Thermodynamic calculations clearly show that all the above-mentioned oxides were stable under the process atmospheres employed in this study. However, SiO 2 and MnSiO 3 are more thermodynamically stable than MnO -i.e. they have a more negative Gibbs free energy, 28, 29) while also having a significantly lower solubility product in α-Fe.
30) Under such conditions, SiO 2 will form first at the grain boundaries; followed by the formation of MnSiO 3 in the surrounding shell, driven by the slower diffusion of Mn and the higher thermodynamic stability and lower solubility product of MnSiO 3 in α-Fe. At the surface, however, since most of the Si was already bound to the internal oxides and also due to the continuous supply of O from the process atmosphere, the competition between Mn and Si for O was less than in the subsurface, enabling the formation of MnO in the lower Si/Mn ratio environment. 9, 31) As discussed above, of particular interest was the exploration of the effect of the surface oxide microstructural development in relation to its impact on reactive wetting of the steel by the 0.20 wt% Al (dissolved) continuous galvanizing bath. As was seen in Figs. 8(a) and 8(b) , the reactive wetting of the steel was significantly affected by the oxide morphology in the case of the 120 s annealing times. The compact or film-like 121 nm thick MnO layer observed on the external surface of the 1 073 K × 120 s (Figs. 2(c) and 4(b) ) showed no significant reactive wetting compared to the 44 nm thick MnO external oxide surface observed on the 963 K × 120 s samples (Figs. 2(a) , 4(a) and 5). This result was not unexpected and correlates well with the observations of several authors on the effects of surface oxide chemistry, morphology, distribution and thickness on the reactive wetting mechanisms of TRIP steels. [12] [13] [14] 16, 19) For example, it is generally acknowledged that the presence of compact or film-forming oxides, in particular amorphous SiO 2 and manganese silicates, are detrimental to the formation of the Fe 2 Al 5 Zn X interfacial layer. However, in the case of the external MnO layer observed for all annealing conditions in the present study, it has been shown that MnO can be reduced by Al in the galvanizing zinc bath through aluminothermic reduction. 15, 17) Based on the kinetic model proposed by Kavitha and McDermid, 17) it is expected that MnO layers with a thickness less than 85 nm can be aluminothermically reduced during a 4 s immersion in a 0.20 wt% Al (dissolved) galvanizing bath. Thus, the widely spaced 44 nm external MnO on the 963 K × 120 s sample could be reduced by the bath whereas the thicker 121 nm compact morphology of the 1 073 K × 120 s sample could not.
This assertion is a partial explanation to the reactive wetting differences observed, and is further supported by the changes in the interfacial microstructures observed, post dipping, for both samples, presented in Figs. 8 to 10 . The SEM image in Fig. 8(d) shows evidence of an altered, yet still present, compact oxide layer on the surface of the 1 073 K × 120 s sample and the cross-sectional TEM + EELS analysis of this interface (Fig. 10) clearly confirmed that the external MnO, formed prior to immersion, continued to be present at the Zn/steel interface post-immersion. Although the thickness of this external MnO layer seemed to have been reduced locally and become more faceted versus its as-annealed morphology (Fig. 4(b) ), the morphology of the layer remained continuous. This continuous, film-like MnO layer did not allow for an intimate contact between the underlying substrate and the galvanizing bath, thereby preventing Fe dissolution from the strip and the formation of the desired Fe 2 Al 5 Zn X reactive wetting product at the Zn/ substrate interface.
In contrast to this poorly wetted sample, the coating/ substrate interface of the 963 K × 120 s sample (Fig.  8(c) ) exhibited non-continuous surface oxides and ample evidence of a variety of reactive wetting products. As can be seen from Figs. 8(c) and 9 and the quantitative chemical analysis results in Table 3 , Fe-Al interfacial products (point B, Fig. 9 (c) and Table 3 ) were present at the interface suggesting the occurrence of reactive wetting and the dissolution of Fe from the sample surface arising from direct contact between the substrate and the Zn alloy bath. From Fig. 9(a) , it can be seen that the Zn-alloy penetrated through the original external MnO layer (Figs. 4(a) and 5) to reactively wet the underlying substrate and separated the oxides along the external oxide/substrate interface. No significant change in the thickness of the surface oxides pre and post-immersion could be detected; however, the postimmersion external oxide layer does appear broken-up and discontinuous at some locations (Figs. 4(a) and 5 vs Fig.  9(a) ). It is likely that penetration of the external MnO layer occurred in such places, where the original MnO film was very thin and could be reduced (Fig. 9(c) ). Furthermore, Mn-rich regions, labeled as A, were identified on the outer side of the nodule-like reaction site in Fig. 9(c) . Quantitative chemical analysis of point A (Table 3) showed that the O content at these yellow sites was less than what was expected for an MnO compound, indicating that these sites had been at least partially reduced. In addition, considerable amounts of Al and Fe were also found in the composition of point A, likely arising from the nearby Fe 2 Al 5 Zn X reaction products. It should be noted, however, that the Fe 2 Al 5 Zn X phase was only partially formed at the interface as opposed to full interfacial layer formation, consistent with SEM analysis of the surface of this sample shown in Fig. 8(c) . It is also noteworthy that the infiltrated zinc area exhibited fine internal oxides embedded in it; these are labeled as C and showed significant amounts of O, Mn and Si in their composition consistent with the TEM + EELS results of the pre-immersion internal oxides.
Quantitative results from points D and E, corresponding to the nodule-like reaction sites marked in Fig. 9(c) , showed that these regions were primarily enriched in Zn, which supports the infiltration mechanism proposed earlier; however, substantial amounts of Fe were also found in the composition of these sites. It should be recalled that no evidence of Fe-Zn intermetallic phases was found through SEM analysis of the steel/coating interface stripped with sulfuric acid. Additionally, the morphology of these sites (points D and E) does not correspond to those known for Fe-Zn compounds. It is concluded that the background Fe signal from the steel substrate contributed significantly to the quantitative analysis of these points.
In the present system, it was determined that internal oxidation occurred when employing the process atmosphere oxygen partial pressures associated with the 243 K ( − 30°C) dew point process atmospheres. Shifting the oxidation mode from external to internal very likely reduced the thickness of the external oxides observed in the present system and promoted the development of a thinner, widely spaced external oxide morphology and likely also shifted the dominant external oxide from Mn-silicates to MnO. 9, 30) This shift in oxide distribution and morphology was likely key to the promotion of reactive wetting by the galvanizing bath in the case of the 963 K × 120 s samples, as documented in Figs. 8 and 9 . However, it should be noted that the use of internal oxidation was not able to fully shift the resultant morphology of the external oxide layer in the case of the 1 073 K × 120 s samples such that they could be reactively wetted and, therefore, it must be concluded that the use of internal oxidation to promote reactive wetting must be combined with a careful assessment of the resultant morphology due to kinetic factors.
Given the above discussion, it is concluded that several mechanisms were responsible for the successful reactive wetting obtained in the case of the 963 K × 120 s substrate. As the pre-immersion surface oxides of this sample comprised a fine and widely-spaced nodule-like structure with thinner oxides between them, during immersion in the Zn(Al,Fe) bath, the liquid alloy could penetrate into the steel substrate, lifting up the surface oxides, while simultaneously the 44 nm thick external MnO layer was fully or partially reduced through aluminothermic reduction. Both of these mechanisms would expose the underlying substrate to dissolution 15, 17) and the observed formation of the Fe 2 Al 5 Zn X layer at the interface.
In contrast to the 963 K × 120 s sample, the 1 073 K × 120 s sample possessed a thicker, more compact external oxide which could not be aluminothermically reduced in the bath and which did not allow direct contact between the Zn(Al,Fe) bath and the steel substrate, an essential step in the formation of the Fe 2 Al 5 Zn and the reactive wetting process. Thus, it can be globally concluded that the differences in external oxide morphology and thickness were the primary factors in determining the reactive wetting -or lack thereof -in the present medium-Mn alloy system.
Conclusions
The morphology, thickness and distribution of the oxides formed on the surface of the 0.1C-6Mn-2Si steel under the 243 K dew point process atmosphere were strongly affected by the peak annealing temperature. Annealing for 120 s at 1 073 K resulted in formation of a thick, compact and filmlike oxide layer covering the entire steel surface; while for the 963 K anneal the surface oxides comprised a widely spaced, fine nodular morphology with an external oxide layer thickness one third of that of the 1 073 K anneal.
The external oxides present for all annealing temperatures and times were composed of MnO, as confirmed by both XPS and TEM + EELS analyses. However, a considerable increase in the surface Mn enrichment was observed with increasing annealing time and temperature. All samples demonstrated internal oxidation, with the maximum depth of internal oxidation zone reaching to 4 μm in the sample annealed for 600 s at 1 073 K. EELS results showed that the internal oxide network had a multi-layer structure with SiO 2 at the oxide core and MnSiO 3 as the surrounding shell.
Successful reactive wetting of the 963 K × 120 s substrate by the Zn-0.20 wt% Al (dissolved) galvanizing bath was attributed to the much finer morphology and wider spacing of the 44 nm-thick nodules formed at the surface of this sample prior to immersion. During immersion, this surface oxide structure facilitated progression of the wetting reactions through several mechanisms such as aluminothermic reduction of the surface MnO and infiltration of liquid bath into the substrate which resulted in lift-off of the surface oxides. In contrast, very poor reactive wetting was observed for the 1 073 K × 120 s sample due to the pre-immersion surface structure that was fully covered by a relatively coarse, compact and 121 nm-thick oxide layer which did not allow for contact between the underlying substrate and the bath alloy, thereby preventing Fe dissolution from the substrate and the precipitation of the desired Fe 2 Al 5 Zn X reactive wetting product.
